Background: Puerarin is the most abundant isoflavonoid in kudzu root. It has been used to treat angina pectoris and myocardial infarction clinically. However, little is known about the effect of puerarin on cardiac hypertrophy. Methods: Aortic banding (AB) was performed to induce cardiac hypertrophy in mice. Puerarin premixed in diets was administered to mice after one week of AB. Echocardiography and catheter-based measurements of hemodynamic parameters were performed at 7 weeks after starting puerarin treatment (8 weeks post-surgery). The extent of cardiac hypertrophy was also evaluated by pathological and molecular analyses of heart samples. Cardiomyocyte apoptosis was assessed by measuring Bax and Bcl-2 protein expression and terminal deoxynucleotidyl transferase dUTP nick end labeling staining. In addition, the inhibitory effect of puerarin (1 M, 5 M, 10 M, 20 M, 40 M) on mRNA expression of atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) in Ang II (1 M)-stimulated H9c2 cells was investigated using quantitative real-time reverse transcription-polymerase chain reaction. Results: Echocardiography and catheter-based measurements of hemodynamic parameters at 7 weeks revealed the amelioration of systolic and diastolic abnormalities. Puerarin also decreased cardiac fibrosis in AB mice. Moreover, the beneficial effect of puerarin was associated with the normalization in gene expression of hypertrophic and fibrotic markers. Further studies showed that pressure overload significantly induced the activation of phosphoinositide 3-kinase (PI3K)/Akt signaling and c-Jun N-terminal kinase (JNK) signaling, which was blocked by puerarin treatment. Cardiomyocyte apoptosis and induction of Bax in response to AB were suppressed by puerarin. Furthermore, the increased mRNA expression of ANP and BNP induced by Ang II (1 M) was restrained to a different extent by different concentrations of puerarin. Conclusion: Puerarin may have an ability to retard the progression of cardiac hypertrophy and apoptosis which is probably mediated by the blockade of PI3K/Akt and JNK signaling pathways.
Introduction
Pathological cardiac hypertrophy is classically considered as a condition at the boundary between the normal and the progressively failing heart [1] . Preventing or reducing pathological cardiac hypertrophy is an independent therapeutic goal, and might serve to prevent or postpone the progression of heart failure [2] . Current pharmacotherapies for heart failure have proven to be beneficial in improving the quality of life for heart failure patients without remarkably reducing mortality rates [3] . The high mortality rates of heart failure may reflect the complexity of hypertrophic processes that contribute to heart failure and the difficulty in reversing cardiac hypertrophy with current pharmacotherapies [4] . The future challenge will be to find new pharmacological agents that target the underlying pathophysiological processes, including relevant signaling pathways and cardiac fibrosis, which lead to progressive myocardial dysfunction and unfavorable remodeling, and thus improve the long-term clinical outcomes of patients with heart failure [5] .
Puerarin (7,4 -dihydroxy-8-␤-d-glucosylisoflavone, C 21 H 20 O 9 ) [6] , the major bioactive constituent in kudzu root, is used widely in China for the treatment of cardiovascular diseases and diabetes [7] . In addition, previous studies suggest that puerarin possesses anti-oxidant [8] , anti-platelet [9] , anti-inflammatory [10] , antiarrhythmic [11] , and anti-apoptotic properties [12] . It is also reported that puerarin could promote neovascularization in the myocardium of rats suffering from heart failure induced by coronary artery ligation [13] . Two recent studies indicated that puerarin may have the ability to reduce cardiac expression of transforming growth factor ␤1 (TGF␤1) in isoprenaline-treated mice or spontaneous hypertensive rats [14, 15] . However, the effect of puerarin on cardiac hypertrophy and the related signaling mechanisms still needs to be clarified. In this study, we performed aortic banding (AB) to induce cardiac hypertrophy in mice and found out that puerarin may have an ability to retard the progression of cardiac hypertrophy induced by pressure overload by targeting phosphoinositide 3-kinase (PI3K)/Akt signaling and c-Jun N-terminal kinase (JNK) signaling pathways.
Materials and methods

Chemicals
Puerarin (98% purity as determined by high-performance liquid chromatography analysis) was purchased from Shanghai Winherb Medical S&T Development Co. Ltd. (Shanghai, China).
Animals
Male C57/BL6 mice (23.5-27.5 g, 8-10 weeks old) used in this study were purchased from the Institute of Laboratory Animal Science, CAMS&PUMC (Beijing, China), and housed with controlled temperature and humidity under a 12-h light-dark cycle with free access to food and water in the Cardiovascular Research Institute of Wuhan University (Wuhan, China). The animals were allowed to acclimatize to the laboratory environment for at least one week, then randomly assigned to either a sham surgery or an AB group without or with puerarin treatment (diets containing about 65 mg/kg body weight/day) started one week after surgery and maintained for a further 7 weeks. The dose of puerarin was designed according to the literature [14] . The administration of puerarin was performed according to previous studies [16, 17] . Food consumption was monitored once a week and was found to be identical in all groups studied. The four groups were named as sham + puerarin, AB + puerarin, sham + vehicle and AB + vehicle respectively. AB was performed as described previously [18] . Eight weeks after surgery, animals were subjected to final echocardiography and catheter-based measurements of hemodynamic parameters prior to sacrifice. All of the experiments were approved by institutional guidelines of the Animal Care and Use Committee of Renmin Hospital of Wuhan University and performed in accordance with the Guide for the Care of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). All surgeries and analyses were performed in a blinded fashion for all groups.
Echocardiography
Animals were subjected to echocardiographic analyses before surgery as well as 1 and 8 weeks after surgery. Echocardiography was performed in anesthetized (1.5% isoflurane) mice using a Mylab 30CV (Esaote S.P.A, Genoa, Italy) equipped with a 10-MHz linear array ultrasound transducer. The left ventricle (LV) dimensions were assessed in parasternal short-axis view during systole or diastole. LV end-systolic diameter (LVESD), LV end-diastolic diameter (LVEDD), end-diastolic ventricular septal thickness (IVSd), and left ventricular posterior wall thickness (LVPWd) were measured from the LV M-mode tracing with a sweep speed of 50 mm/s at the mid-papillary muscle level.
Catheter-based measurements of hemodynamic parameters
For hemodynamic measurements, mice were anesthetized with 1.5% isoflurane, and a microtip catheter transducer (SPR-839, Millar Instruments, Houston, TX, USA) was inserted into the left ventricle via the right carotid artery. The signals were recorded using a Millar Pressure-Volume System (MPVS-400, Millar Instruments), and the heart rate (HR), end-diastolic pressure (EDP), end-systolic pressure (ESP), maximal rate of pressure development (dP/dt max), and minimal rate of pressure decay (dP/dt min) were analyzed using the PVAN data analysis software (Millar Instruments).
Histological analysis
Hearts were removed, arrested in diastole with 10% KCl, weighed, fixed by perfusion with 10% formalin, and embedded in paraffin. Hearts were cut transversely close to the apex to visualize the left and right ventricles. Sections were cut of 4-5 m and mounted onto slides. Hematoxylin and eosin (H&E) and picrosirius red (PSR) staining were performed for histological analysis. Tissue sections were visualized by light microscopy. The sections were stained for myocyte cross-sectional area with fluorescein isothiocyanate-labeled wheat germ agglutinin (Invitrogen, Carlsbad, CA, USA) to visualize membranes and 4 ,6-diamidino-2-phenyl-indole (DAPI) to visualize nuclei. A single myocyte was measured with a quantitative digital image analysis system (Image Pro-Plus, version 6.0; Media Cybernetics, Bethesda, MD, USA). Between 100 and 200 myocytes in the left ventricles were outlined in each group.
Quantitative real-time reverse transcription-polymerase chain reaction
To examine the relative mRNA expression of atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP), ␤-myosin heavy polypeptide (␤-MHC), sarcoplasmatic reticulum calcium ATPase 2 alpha (SERCA2␣), connective tissue growth factor (CTGF), collagen I, collagen III, fibronectin, and TGF␤1, RNA was collected from LV tissue using TRIzol (Invitrogen, 15596-026), and reverse transcribed into cDNA for real-time polymerase chain reaction (PCR) analysis using oligo (DT) primers and the Transcriptor First Strand cDNA Synthesis Kit (04896866001, Roche, Basel, Switzerland). cDNA was synthesized from 2 g of total RNA. The PCR amplifications were quantified using a LightCycler 480 SYBR Green 1 Master Mix (Roche, 04707516001) and the results were normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression.
Western blotting
Western blotting was conducted to determine the activation state of PI3K/Akt signaling and mitogen-activated protein kinase (MAPK) signaling. Protein amounts from all samples were assessed using the BCA-kit (23227, Thermo Fisher Scientific, Waltham, MA, USA) followed by protein concentration normalization prior to all Western blot experiments. Protein samples (50 g) were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis and then transferred to immobilon-FL transfer membrane (IPFL00010, Millipore, Billerica, MA, USA). The membrane was blocked with 5% milk in Tris-buffered saline Tween-20 (TBST) for 3 h and then incubated overnight at 4 • C with indicated primary antibodies. Antibodies against the following proteins were purchased from Cell Signaling Technology (Danvers, MA, USA): phospho-PI3K p85 Tyr458 /p55 Tyr199 (#4228), PI3K p85 (#4257), phospho-Akt Ser473 (#4060), Akt (#4691), phospho-mammalian target of rapamycin
The antibody for GAPDH (MB001) was purchased from Bioworld Technology, St Paul, MN, USA. The blots were scanned by a two-color infrared imaging system (Odyssey, LI-COR, Lincoln, NE, USA). Specific protein expression levels were normalized to GAPDH protein for total cell lysates.
Assessment of apoptosis
Apoptosis was assessed using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining according to the protocol of ApopTag ® Plus Fluorescein In Situ Apoptosis Detection Kit (S7111, Chemicon, Temecula, CA, USA). Briefly, 4 m thick paraffin-embedded sections were prepared from mouse hearts of each group and deparaffinized sequentially. The sections were stained with TUNEL reagents and ␣-actinin, and the nuclei were stained by DAPI. The numbers of apoptotic and total cells were counted, and the percentages of apoptotic cells were calculated.
Cell culture
The H9c2 cells (Cell Bank of the Chinese Academy of Sciences, Shanghai, China) were grown in high-glucose Dulbecco's modified Eagle's medium (DMEM) (C11995, GIBCO, Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum (GIBCO, 10099), penicillin (100 U/ml) and streptomycin (100 mg/ml) (GIBCO, 15140) in humidified CO 2 incubator (SANYO 18M, Osaka, Japan) with 5% CO 2 at 37 • C. Cells at exponential growth were dissociated with 0.25% trypsin (GIBCO, 25200) and were seeded in six-well culture plates at a seeding density of 1 × 10 6 /well before being incubated for 24 h. Then cells were cultured with serum-free DMEM for another 12 h. Puerarin (82435, Sigma, St Louis, MO, USA) was dissolved in dimethyl sulfoxide (Sigma, D2650) at a concentration of 40 mmol/L. Ang II (Sigma, A9525) (1 M) in the presence or absence of different concentrations of puerarin (1 M, 5 M, 10 M, 20 M, 40 M) were added to the medium and the cells were incubated for 24 h. Then total RNA was extracted from the H9c2 cells. The mRNA expression of ANP and BNP was examined by quantitative real-time PCR.
Statistical analysis
Data were analyzed with a one-way ANOVA test followed by a post hoc Tukey test. Values were expressed as the mean ± SEM. Echocardiographic data were analyzed using two-way ANOVA with repeated measures and a post hoc Tukey's test. p-Values of <0.05 were considered significant.
Results
Puerarin protected against cardiac hypertrophy
We determined whether puerarin administration started from 1 week after AB surgery attenuated the indices of cardiac remodeling and heart failure. Mice subjected to AB surgery exhibited obvious cardiac hypertrophy as evidenced by increased cardiac mass, myocyte cross sectional area (CSA), heart weight/body weight (HW/BW), heart weight/tibial length (HW/TL), lung weight/body weight (LW/BW), and lung weight/tibial length (LW/TL) at the end of 8 weeks compared to the sham group. However, 7 weeks of puerarin administration attenuated these hypertrophic responses (Fig. 1A and B) . The induction of hypertrophic markers including ANP, BNP, and ␤-MHC after AB surgery was also significantly blunted in puerarin-treated mice; moreover, decreases in the expression of ␣-MHC and SERCA2␣ were normalized in puerarintreated mice (Fig. 1C) .
Puerarin improved the impaired cardiac function after AB
The protective effect of puerarin against AB-induced left ventricular dysfunction was assessed by echocardiography before surgery, 1 week after surgery but before starting puerarin treatment, and finally 8 weeks after surgery. As shown in Fig. 2 , animals subjected to 1 week of AB suffered mild chamber diameter increase and LV dysfunction, and the LVEDd, LVESd, EF, and fractional shortening (FS) were at the same level between the AB + vehicle group and the AB + puerarin group. Eight weeks after AB, animals exhibited significantly increased chamber diameter and depressed EF and FS, and puerarin administration resulted in attenuation of cardiac dilation and improved LV function. Catheter-based hemodynamic measurements were performed at the end of the study to further assess LV systolic and diastolic function. Eight weeks of AB resulted in significantly increased diastolic blood pressure and decreased systolic function and diastolic function, animals treated with puerarin demonstrated normalization of these hemodynamic parameters including EDP, dP/dt max, and dP/dt min (Fig. 3 ). There were no significant differences in HR between any groups.
Puerarin attenuated pressure overload-induced cardiac fibrosis
Fibrosis is an integral feature of LV hypertrophy and heart failure. We performed PSR staining on cardiac tissue sections to determine the development of interstitial fibrosis in mice of each group. Dramatic interstitial fibrosis was observed in mice subjected to AB surgery, which was attenuated by puerarin treatment (Fig. 4A  and B) . We also examined the changes in expression of myocardial pro-fibrotic genes at the end of the 8 weeks post surgery. As shown in Fig. 4C , the pressure overload-induced expression of CTGF, collagen I, collagen III, fibronectin, and TGF␤1 was normalized by puerarin.
Puerarin inhibited the activation of PI3K/Akt and JNK signaling pathways after AB
To investigate the molecular mechanisms by which puerarin mediates its anti-hypertrophic effect, we examined the activation state of PI3K/Akt and JNK signaling. Pressure overload increased the phophorylations of PI3K, Akt, mTOR, GSK3␤, FoxO1, and FoxO3a at 8 weeks after surgery. Interestingly, puerarin treatment significantly attenuated these increases as observed in Fig. 5A and B. Similarly, upregulation of P-JNK1/2 was blunted by puerarin treatment ( Fig. 5C and D) . However, puerarin did not affect the protein levels of P-ERK1/2 and P-p38 ( Fig. 5C and D) .
Puerarin inhibits cardiomyocyte apoptosis in response to chronic pressure overload
Paraffin-embedded sections of hearts from each group were co-stained for ␣-actinin and TUNEL to determine the rate of cardiomyocyte apoptosis. A noticeable increase in cardiomyocyte apoptosis was observed in mice at 8 weeks after AB, and puerarin treatment reduced AB-induced cardiomyocyte apoptosis (Fig. 6A) . Furthermore, puerarin decreased the ratio of Bax/Bcl-2 protein expression in mice hearts after AB (Fig. 6B) . (Fig. 7) . It indicated that treatment with puerarin led to a significant reduction of the mRNA expression of the hypertrophic markers ANP and BNP in a concentration-dependent manner.
Discussion
Previous studies have provided support for the traditional uses of kudzu root on cardiovascular, cerebrovascular, and endocrine systems including diabetes and its complications. Puerarin is a pure extract and the major bioactive constituent of kudzu root [7] . In this study, we found that 8 weeks after AB, mice developed cardiac hypertrophy and fibrosis characterized by increased HW/BW ratio, HW/TL ratio, cross-section area of cardiomyocytes, collagen accumulation, expression of hypertrophic and fibrotic markers in myocardium, leading to LV relative dilation and dysfunction. Cardiomyocyte apoptosis and induction of Bax in response to AB were suppressed by puerarin. Furthermore, the increased mRNA expression of ANP and BNP induced by Ang II (1 M) was restrained to different extents by different concentrations of puerarin. Puerarin treatment retarded the development of cardiac hypertrophy, fibrosis, and apoptosis in mice subjected to pressure overload associated with the regulation on PI3K/Akt and JNK pathways.
Much of the recent work has focused on the antipyretic [6] , anti-inflammatory [10] , anti-oxidative [8] , anti-apoptosis [12] , and estrogen-like biological activities of puerarin [19] . For more than 2000 years, kudzu root has been used as a herbal medicine for the treatment of several diseases including fever, diabetes, and cardiovascular diseases [7] . As the major bioactive constituent in kudzu root, puerarin injection has been widely used to treat coronary heart disease and angina pectoris in clinical practice [20] . However, it is not clear whether puerarin can retard the process of , and also attenuated AB-induced changes in ejection fraction (EF) and fractional shortening (FS). Echocardiography was performed before surgery (0 week), 1 week after surgery (1 week), and at the end of the study (8 weeks) (n = 9-10). Puerarin administration was started from 1 week after AB surgery. *p < 0.05 vs week 0, # p < 0.05 vs week 1, § p < 0.05 vs AB + vehicle group.
cardiac hypertrophy. Accordingly, our study addresses the potential of puerarin in protecting against cardiac hypertrophy in mice subjected to pressure overload. Pressure overload exerts a mechanical stress on the ventricles and can trigger not only cardiac hypertrophy but also fibrosis [21] . Increased cardiac collagen deposition is an important character of fibrosis [22] . It was reported that puerarin could reverse chemicalinduced liver fibrosis in experimental rats [23] . In this study, we found that puerarin administration retarded the development of fibrosis in pressure overloaded hearts. The mRNA expression of procollagen type I and III, the two major collagen types in the heart, was reported to be increased in pressure overloaded heart tissue of mice [24] . It was also found that myocardial fibrosis was mediated through an interaction between the tumor necrosis factor alpha (TNF␣) and TGF␤ pathways that led to increased expression of fibrillar collagens [25] . Moreover, CTGF and fibronectin are pro-fibrotic markers of fibrosis [26, 27] . As shown here, puerarin could negatively regulate CTGF, collagen I, collagen III, fibronectin, and TGF␤1 production in response to pressure overload. Puerarin's ability to normalize expression of pro-fibrotic genes reflects the fact that puerarin may also be effective in retarding extracellular remodeling in post pressure overload myocardium although this needs to be confirmed by additional studies examining molecular mechanisms of the fibrotic process.
We assessed the possible underlying mechanisms for puerarin to retard cardiac hypertrophy and found that protein expression of P-PI3K, P-Akt, P-GSK3␤, P-mTOR, P-FoxO1, P-FoxO3a, and P-JNK increased significantly in hearts of mice from AB + vehicle # p < 0.05 vs AB + vehicle group. AB, aortic banding; HR, heart rate; ESP, end-systolic pressure; EDP, end-diastolic pressure; dP/dt max, maximal rate of pressure development; dP/dt min, minimal rate of pressure decay.
group at 8 weeks after AB. Daily treatment with puerarin inhibited the phosphorylations of PI3K, Akt, GSK3␤, mTOR, FoxO1, FoxO3a, and JNK induced by pressure overload. Our findings indicate that puerarin's ability to retard cardiac remodeling and heart failure is likely mediated by the amelioration of the activation of PI3K/Akt and JNK signaling pathways. It was thought that lifelong inhibition of PI3K might promote long-term heart benefits [28] , and PI3K/Akt and JNK signaling pathways have been thought to be intimately related to cardiac hypertrophy and heart failure.
Studies demonstrated that engagement of the p85 SH2 domains of PI3K by pTyr relieved the p85-mediated inhibition of p110 isoforms, resulted in the activation of the PI3Ks p110␣, p110␦, and probably also p110␤, and always led to the activation of Akt [29] . It was also reported that the short-term activation of Akt promoted physiological hypertrophy and protection from myocardial injury, whereas, the long-term activation caused pathological hypertrophy and heart failure [30] . GSK3␤, downstream of Akt, is inactivated by phosphorylation of serine9 during hypertrophic conditions [31] , has been shown to be a negative regulator of cardiomyocyte hypertrophy [32] . Another downstream target of Akt which is involved in cardiac hypertrophy is mTOR [33, 34] . Furthermore, cumulative Akt activation leads to inactivation of forkhead transcription factors, which are negative regulators of cardiac hypertrophy [35, 36] . We also found that MAPK signaling was activated in pressure-overloaded hearts, which was consistent with previous studies [37, 38] . Interestingly, puerarin blunted activation of JNK without affecting ERK or p38 activity in vivo. As one of the four best characterized MAPK subfamilies, JNK has been implicated in promoting cardiac remodeling downstream of various pathways [39, 40] . FoxO3a is a member of the forkhead family of transcription factors and an important substrate of Akt. One important function of FoxO3a is to induce apoptosis [41] . In our study, puerarin inhibited cardiomyocyte apoptosis. Meanwhile, reduced phosphorylation of FoxO was identified in puerarin-treated hearts. It seemed confusing. However, in contrast to the FoxO-inhibitory actions of Akt, JNK is one of the kinases that are known to activate FoxO [42] . Chaanine et al. investigated the relationship between JNK and Akt and they found that JNK signaling dominated and overrode Akt signaling, activated FoxO3a in cardiac hypertrophy and heart failure, and further promoted mitochondrial-induced apoptosis. It was consistent with our findings [43] .
Therefore, inhibition of PI3K/Akt and JNK signaling by puerarin may play a role in retarding the development of pressure overloadinduced alterations in cardiac structure and function in the aortic banding mice model.
Our results based on findings in in vivo studies suggest that amelioration of PI3K/Akt and JNK-dependent processes represents a viable mechanistic basis for the reversal of hypertrophy and reinforce the concept that targeting the long-term activation of some signaling pathways in cardiac hypertrophy and heart failure may represent a key approach toward developing effective therapeutic strategies although it is recognized that some signaling pathways may be cardiac protective when short-term activated and other potential intracellular targets for reversal of hypertrophy likely exist. The in vitro studies indicate that treatment with puerarin led to a significant reduction of the mRNA expression of the hypertrophy marker genes ANP and BNP in Ang II (1 M)-stimulated H9c2 cells in a concentration-dependent manner. Further studies targeting the direct effect of puerarin on cardiac myocyte hypertrophy may still be needed. We did not evaluate the toxicology of puerarin in this study, for it has a relatively low toxicity profile [7] . 
Conclusion
Chronic oral treatment with puerarin retarded the progression of cardiac hypertrophy and improved cardiac function in pressure overloaded mice. This cardioprotective effect of puerarin was related to its inhibition of PI3K/Akt and JNK signaling. Puerarin may offer a potentially effective and relatively safe approach to retard the processes of cardiac hypertrophy and heart failure particularly in combination with other treatment modalities.
